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ABSTRACT

"'Cosensitized electron-transfer photooxygenation has been developed "--o\r

1:.apiratory as a new method for the photochemical oxidation of various organic

substrates. Compounds which are relatively resistant to standard photooxygenation

procedures can be oxidized by a process that utilizes a non-light-absorbing

aromatic hydrocarbon (biphenyl, BP) as a catalyst or cosensitizer in conjunction

with the cyano-substituted sensitizer, 9,10-dicyanoanthracene (DCA). Irradiation

with visible light (400-450 nm) in the presence of oxygen promotes electron

transfer from the cosensitizer to singlet excited DCA with subsequent generation

of superoxide ion. Attack by this highly reactive species on the organic substrate

or its radical cation effects the oxidation of the material.

Under this contract, we have investigated"'he photochemical conversion of

epoxides, aziridines, and cyclopropanes to 1,2,4-trioxolanes (ozonides), 1,2,4-

dioxazolidines, and 1,3-dioxolne, Insight into the mechanism of

the DCA-sensitized photooxygenation of epoxides and aziridines was obtained through

a study of the stereochemistry of the reactions. The exclusive formation of the

cis ozonide and cis 1,2,4-dioxazolidine from 2,3-diphenyloxirane and 2,3-

diphenylaziridine has suggested a mechanism involving the addition of singlet

. oxygen as a dipolarophile to intermediate carbonyl and azomethine ylides. DCA-BP

cosensitized photooxygenation has also been utilized to provide a new approach

to the synthesis of chemiluminescent 1,2-dioxetanes.,

02 (X
02-

X 0, CH2 , NR
4" .

We have also developed a new polymer-immobilized chemical source of singlet

oxygen. Photooxygenation of the polystyrene-bound naphthlene at -78°C results

- in an endoperoxide which cleanly liberites singlet oxygen on warming to ambient

temperature.

'

; -' ,' " 4 - . --. . ...'.- -,- "" "-" . . .." . . - . ... . . . . . ... .



SUMMARY OF ARO-SUPPORTED RESEARCH

1. Introduction - Mechanisms of Phetooxvcenation. Two general mechanisms

for the oxidation of organic and biological substrates under the influence of

light, oxygen, and a sensitizer have been identified (Scheme !). One process

involves the absorption of visible light by a sensitizer (usually a dye) with

subsequent energy transfer to ground state oxygen to produce singlet oxygen

(102). This metastable species exhibits high reactivity towards a variety of

organic substrates including alkenes, dienes, aromatic hydrocarbons, and

sulfides. 1 A second type of photosensitized oxygenation results from transfer

of an electron or hydrogen atom in a direct interaction of the excited sensitizer

and organic substrate. Reaction of the radical intermediates with oxygen yields

the oxidation products.

Scheme I

I substrate oxidation
3 0 0 z 2= product

Sens h 0' 3Sens

substrate. radical 02 oxidation

% intermiediates product

An example of this second type of oxidation process is electron-transfer

photooxygenation with cvano-substituted aromatic sensitizers such as 9,10-

*-.':- dicyanoanthracen ()CA) . P)C,',--;sn:;it betd uxv-unntions of allencs. , es

aCL tv, ones, and !,11, i (l1s u ave- ,en r, L ot, i I . llhotooxygenations with )C\ are

carried out in polar solvents such as acetonitriie using 400 nm I iglt . Qu ench iig

of singlet excited DCA by the substrate results in electron transfer and

.............. .. .
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formation of DCA and the substrate radical cation. Although this electron-

transfer process had been postulated from correlations of quenching rate

constants and free energies of electron transfer 34and from solvent-dependent

*exciplex emissions, 5the first direct evidence for the photochemical generation

*of the DCA radical ion was provided by our group. 67The ESR spectrum of this

species was observed upon irradiation of solutions of DCA and various quenchers

in deoxygenated acetonitrile (Figure 1). The spectrum was identical to that

8
reported by Brunner and D~rr for DCA' prepared by metal/ammnonia reduction.

Ph 2 CCH 2  + OCA h', MeCN
A,. 24'C CN

I0 -,

CN

Figure 1. ESR spec trum of DCA obtained bys pliotolvo is of a solu t ion of ICA
(5 x10-4 M) and l,l-dIiphcl'%Iethvlene (102 M1) in dry acetonitrile
undler Ar.

nr _A o



The free energy change ('.C) involved in the electron-transfer quenching of

1 * 3DCA is given by the Weller equIation:

+ -

AG = 23.06 [E(S/S) - E(DCA-/DCA) - e2/ac - AE I
0 0,0

where E(S/S') is the oxidation potential of substrate, E(DCA-/DCA) is the

2
reduction potential of the sensitizer, e /ac is the energy gained by bringing

0

the two radical ions to encounter distance a in the solvent of dielectric

constant E (' 0.06 eV in MeCN), and AE is the electronic excitation energy
O,0

of DCA. For DCA where E(DCA-/DCA) = -0.98 V vs. SCE in MeCN and AE = 2.89 eV,

Foote has calculated that electron-transfer quenching of IDCA should be

exothermic for substrates with oxidation potentials less than 2 V relative to

* SCE. 4 Subsequent steps in the mechanism for electron-transfer photooxygenation

- are: (1) transfer of an electron from DCA to oxygen to generate 0* and (2)

- +

reaction of 0 2 with S" to yield the peroxidic products.02

Scheme 2

hg)

DCA -eCNto IDCA
MeCN

IDCA* S -' S . DCA:

DCAO 2 - O DCA

S" 07 - oxidation products
2

Until recently, photooxygenations by the above process were limited to those

substrates that quench the fluorescence of IDCA. However, a method has now been

developed by our group for the electron-transfer photooxygenation of compounds

that have oxidation potentials greater than 2 V and that consequently do not

~9
quench singlet excited DCA. For example, epoxides that are unreactive under

standard DCA-sensitized conditions can be readily converted to the corresponding

*. . . . .
. *
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ozonides in high yield by use of a non-]i iht-ahsorbinc aromatic hydrocarbon

(biphenyl, BP) as a catalyst or cosensitizer in conjunrtion with DCA. - It

should be noted that BP is not consumed in these reactions. Recent stuulis

%, have shown that DCA-BP cosensitization can provide dramatica lly enhanced rates or

photooxygenation for a wide variety of substrates.

2. Photochemical Conversion of Epoxides to Ozonides. Our ARO-supported

research on photooxygenation resulted in the first report of the photochemical

conversion of an epoxide to an ozonide. 9 The photooxygenation of tetraphenvl-

oxirane (1) was initially carried out in acetonitrile with only DCA as the

sensitizer. Although the reaction required over 40 h irradiation with a 450-W

• "1 Hg lamp, ozonide 2 could be isolated in 51/' yield. The slow rate of the reaction

,0

Ph Ph h1, DCA, BP P 0 Ph

Ph Ph 0 2 , MeCN Ph" 0 _ Ph
0

2

was not surprising as 1 exhibits an oxidation potential above 2 V and does not

measurably quench the fluorescence of DCA in acetonitrile. We found, however,

that a significant enhancement in the rate of the PCA-sensitized photooxyenation

of epoxide 1 was observed in the presence of biphenyl (B11). Addition of 1 x 10 ->

BP to the reaction solution resulted in complete conversion of I in 10 min and

. formation of 93' ozonide 2. Control experiments have shown that: (1 no

--*:. oxidation occurs in the absence of DCA; (2) :'P is not consuied in the rect i, n;

(3) ozonide 2 is stable to the photooxvyenation conlit ions and (.) 1Pe:-:i I is

not oxidized upon irradiation with a 400-!V hi d-nprvssure ,i: 1.c:n '., th i e

4 Bengal in acetonitrile, indicating that I do s; not react with d i rt- L .

Insight into the mechanism of this rct ion was obta ined hv in in',.t i ,at ion

- of the DCA-BPl cosensitized pho tooxvgena tion of Cis- .- di phonloxir. no, ,a) and

4. %



10

and trans-2, 3-diphenyioxirane ( 3b). e Observed that photooxvgenation of 3a

and 3b gives rise exclujsive lv to the C is ozonide a. Authentic samples of cis-

and trans-3,5-diphienvl-1,2,4-triox.olano (4' ind -+, respectively) were obtained

from a mixture prepared by ozonation of tran-s-stilbene.

0

3a

h, DCA, BP Pha 0y0

O2 ,MeCN H"0-a'~

0 4a

Ph"'" '

- 3b

We have proposed that BP acts as a cosensitizer in photooxygenations by a

process analogous to homogeneous redox catalysis for electrode reactions. 1

Epoxides I and 3 do nlot quench the fluorescence of DCA in MIeCN as is

expected for compounds with oxidation potentials greater than 2 V vs. SCE

(trans-2,3-diphenyloxirane (3b), Eo 7.89 V vs. A)Ig/A&0 3 in Y eCN -2. 2 V vs.

SCE in MeCN). However, BP is more u2asilv ox:idized (Ex 1. 90 V vs. SEi
p

MeCN) than the epoxides and thcierot qufla C.\ T7ore 0lfi let!v( or

9 -1 -+
BPE 3.1 x 10 M' s )to g'enerate 1)CA' and )P* . Although eretical. lv

unfavorable, a reversible electron transfer from the epoxides to SP tcould

*generate the unopened epoxide radical cation. Thlis step would he driven by the

* subsequent formation of the ring--opened radical cation and irreversible reaction

with 0,* to yield the ozon ide (Scheme 3).

Of additional interest are the m,,echanistic implications of the exclusive

format ion of c is lzonidc !4a f rom both epox ides 3ia and 3-b.. Thesec resultS are,

not consistent with a mechanism involving, attack Of 0, on epox ide raidicail

*cation -5 to 4ive long,-Iived biradical or Ztwitter inn intermedia1tes. ',uch1
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mechanisms would predict the formation of a mixture of isomeric ozonides. A

plausible mechanism that is consistent with the stereoselective formation of

ozonide 4a involves: (1) formation of the most stable E,E-conformation of

epoxide radical cation 5 from either Ba or 1b; (2) subsequent reduction of 5 by

02 (or DCA') to yield the E,E-isomer of carbonvi vlide 6; and (3) 4 + 2
21

cycloaddition with i01 acting as a dipolarophile. Foote has shown

that 0 2 can be formed in DCA-sensitized photooxvgenation 1- energy

Scheme 3

DCA - 'DCA

* +1DCA + BP - BP* + DCA "

DCAT + 02 - 02 "  + DCA

0 + Ph 0 Ph
+BP*B +

a H H
Ph Ph 5

3 0

-. v+ T - Ph o Ph 10 Ph

H H 0-0

6 4a

transfer from singlet and triplet excited DCA to oxygen. Singlct o:.:gen could

also be generated as a result of the electron transfer from to 5. 1

Experiments are in progress to evaluate the role of 0 and vI ides in this

reaction. However, the proposed intermediacv of carhony I vlide 6 is in iccord

with observations of severai groups on the trapping of photo ',gneraLcd carbon' I
S14,1l7 1 7a

ylides. For example, Griffin has recently shown that direct photol vsis

or thermolysis of 2,3-diary loxiranes such as 3,1 and 3b generates ca rbon-, vI ides

l %
g 1 r 7
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that can be trapped by dipolarophiles to afford substituted tetrahydrofurans.

As in the present study, the major products arise from a 4 + 2 cvcloaddition of

the dipolarophiles to the thermodynamically more stable E,E-carbonyl ylides. In

related work, Arnold has utilized 1,4-dicvanonaphthalene as an electron-transfer

sensitizer with epoxides 3 in the presence of dipolarophiles to yield substituted

tetrahydrofurans in which the major products have a cis-diphenyl relationship.

The proposed mechanism involves formation of the epoxide radical cation followed

by back electron transfer from the sensitizer radical anion to give the carbonyl

ylide. Trozzolo and Griffin have used spectroscopic methods to characterize

carbonyl vlides produced by the photochemical cleavage of epoxides.
1 9

Additional examples of the photochemical conversion of epoxides to ozonides

are shown in Table 1. It should be noted that the ozonide derived from 1,2-

diphenylcyclohexene oxide was previously unknown as ozonation of the corresponding

alkene does not yield the ozonide. These results indicate that interesting new

ozonides may now be accessible through DCA-BP cosensitized photooxygenation of

epoxides.

Related studies have shown that certain epoxides which exhibit low oxidation

potentials because of electron-donating groups or ring strain can be oxidized by
20,2 1

DCA directly. Of concern, however, was the report by Ohta that trans

ozonides are formed from the photooxygenation of 2,3-bis(4'-methoxy pheny l)oxirane

20
and other epoxides. The results described below suggest that the stereochemical

" assignments by Ohta are probably incorrect.

In order to evaluate any possible influence of the cosensitizer on the

stereochemistrv of these reactions, we conducted a study of the stcreochemistrv

of the DCA-sensitized photooxvygen ation of dina h t hvl 1 poxidCs which undcr ,o

oxygenation in the absence of BP (1 :  f or 7 and S 1.50 - 1. V vs. ()(I' in .,,CN;

k for DCA= 1.37 - 1.54 x I0 10 M-1 -l i 1d that C i and tranS ep d CdS

q

-7 and 8 ;a150 yi eld 11 ' Or, v ls,,: id(,S. Hic, photo-o;!onides 9 were isoliLted
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Table 1. Cosensitjzed Electron-Transfer Photooxvlena t ion of Epoxides

Epoxide aOzonide Yield (9mip (C)

h/_% Ph n Ph
Phh)( \Ph

Ph Ph 0-0 9 37 168-9

Ph' 0  Ph 0 Ph
__ P h Ph >"H 907 95-6P h H 0-0

P h P h

P h 8 8 7 1,-
aPPh

85' 14-
Ph P

Ph 0\A~hPh kO-,Ph
H"" "H 6 5 98-100

0 Ph Ph
H L/ \P h H.N Y"Y' H 6 5 98-100

P h 1, H 0-0

Teeoii Ir,, ineirt to ll0r1 -ion cd p Ii t L)o.: v 'Itnit ion wi th DCA in
the ib - n o' ncn 1wie t he L otnof 2, 3-0 ioliew'; 1indono

:on rIodn~CLod Lhu correslond in., ozonido in '+ 11 in 70, vicid.
'PIi, CVA ,Iuor' I, h f fs oic iti is IS1)iphnv I

(k~s 3. I A
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by preparative TLC on silica and recrystallized (Table 2). Control experiments

have shown that the ozonides are stable to the photooxygenation conditions and

no isomerization of the epoxides occurs during the reaction. For comparison, a

sample of trans-2,3-bis(2'-naphthvl)-l,2,4-trioxolane (lOb) was prepared bv

ozonation of 1,2-bis(2'-naphthvl)ethene.

0-- N p ,.,\-N3

H"" "H

h, DCA 0"(

0 2, MeCN 0-0

0 9
NP2Hp "H a, Np,: NP 2 : 1-niaphthylN. 8 b, Np 1 :Np 2 : 2-naphthyl

c, Np: l-naphthyl, Np2- 2-naplithyl

Table 2. Properties o-f Naphthyl-Substituted Ozonides

* Ozonide Isolated yield from photoox. () mp (C)(NMR yield)a

cis 9a 78 (89) 87-9

cis 9b 75 (89) 172-4

trans lOb - 166-8

cis 9c 3 5 b (80) 108-10

a NMR yields were determined using an internal standard. bThis
ozonide appears to be rather unstable and suffers decomposition

during isolation.

In our earlier study of the cosensitized photoox'gCenation of cis- and trans-

2,3-diphenyloxirane, we had compared the resulting photo-ozonide to authentic

cis and trans ozonide preparL-d by ozonation of stilhene. The stereochemistrv

of these ozonides had been assigned bv Criegee by chromntography over cellulose

-4
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'2 2

acetate. The chiral trans ozonide was identified by its partial resolution

on this stationary phase. :Aurrav ,and coworkers had earlier used kinetic

resolution by brucine to identify the trans isomer of diisopropyl ozonide2 3

In order to establish the stereochemistry of the naphthvl-subst ituted

ozonides, we have conducted similar experiments utilizing high-performance licuid

chromatography over optically active (+)-poly(triphenvlmethyl methacrvlate).24

As anticipated, 10b obtained from ozonation of 2,3-his(2'-naphthvl)ethene was

resolved by chromatography over this stationary phase (Figure 2A), confirming

the trans dinaphthyl stereochemistry of this ozonide. Chromatograohv of the

photo-ozonides 9a and 9b exhibited only one peak consistent with the proposed

cis stereochemistry. Any remainin , uncertainty regiarding the structure of the

photo-ozonides has been removed by X-ray crvstallography of a single crystal of

ozonide 9b (Figure 2B). These results demonstrate that the same stereochemical

H' H

0

<''H

0 0

. i -

1 5 10 min

Figure 2. A. Ch ir omit o ii c rk oIiit i. n ii t r. 1) 1 t, Ii %( - 4
t r i o xol*n I h Wr on i h ( ) colim u srnoMo is- clivint
Peak I rLstil t S rom *i traice i M t)Ur iLv oi 2-11aphtha1 1dL'hv.de; the
ex t inct io 01coeftfi Cien11t aIt )W4 iin is; muchi argker for t he 1 adell\'de
than1 the( oZOn ides. l -ks2 nd i ,how thke separateLd Cloanti emers Ot
the trains ozon id .

B. X-raiy striuctujre ()f cis- I.5h~('upihl)-1 ,. '4-trioxolane (9h).

- -S,
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course is followed for electron-transfer photooxygenation of easily oxidized

1,2-diaryl-substituted epoxides as for DCA/Bl cosensitized photooxygenation.

3. Formation of an Ozonide by Addition of Singlet Oxygen to a Stabilized

Carbonyl Ylide. The striking stereochemical results of the electron-transfer

photooxygenation of 1,2-diaryloxiranes have led us to propose a mechanism for

this reaction involving the addition of singlet oxygen as a dipolarophile to an

intermediate carbonyl ylide. We have, therefore, recently investigated the

addition of singlet oxygen to the stabilized ylide 12 formed by photolysis of 2,3-

diphenVlindenone oxide (11). Several years ago Ullman demonstrated that epoxide
25

11 and ylide 12 are photochemicallv interconvertible. Irradiation of 11 with

ultraviolet light results in a deep red solution of pyrylium oxide 12.

Subsequent exposure to visible light regenerates 11. Ullman also found that

photolysis of 11 in the presence of oxygen yielded products that could be

explained in terms of the decomposition of an intermediate ozonide. Ve have

reexamined this reaction and obtained the first direct evidence for the formation

of an ozonide from a dipolar cycloaddition of singlet oxygen to a carbonyl ylide.

Ground state oxygen also reacts with 12 to give 13 but at a much slower rate.

0 0- 0

Ph254 nm, Ar 11 IPh 67 m0,P

MeCN PP
' -O MM B, MeCN 0 O

Ph Ph Ph
12 13

Solutions of epoxide I in NeCN were dcox\' ,en ited with areon. Irradiation

in a quartz cuvette with :i low pressure I lamp ifforded int'nse red ,olutions

of vlide 12 (0 in MeCN 535 nm). After culntration ot the vilide, ,i solution

"%*
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of methylene blue (MB) in MeCN was added (a of MB = 655 nm). The resulting~max

solution was simultaneously bubbled with oxygen and irradiated at 670 nm using

a 150-W Varian EIMAC Illuminator and monochromator. Reverse phase HPLC

indicated the formation of ozonide 13 in greater than 95% yield (based on

reacted 11). MB was chosen as the singlet oxygen sensitizer for these

experiments because it could be selectively excited at 670 nm in the presence

of the ylide. A control experiment in which oxygen was bubbled through a

solution of 12 in the dark was carried out. HPLC analysis showed that only 3%

of 13 had been formed (based on reacted 11). Additional studies of this system
: 10

are in progress. However, these preliminary results demonstrate that 0 is

highly reactive towards carbonyl ylides.

4. Photochemical Conversion of Aziridines to 1,2,4-Dioxazolidines. Our

results on the photooxygenation of epoxides have led us to investigate the

DCA-sensitized reaction of other heterocvcles. The studies resulted in the

first report of the electron-transfer photooxygenation of aziridines and the

isolation of the resulting 1,2,4-dioxazolidines. 2 6 '
2 7 Unlike the corresponding

diphenyl-substituted epoxides which do not quench the fluorescence of DCA and

consequently are unreactive in the absence of biphenyl, the more easily oxidized

aziridines efficiently quench IDCA and react without the addition of the

cosensitizer (Eox = 1.5-1.7 V, k 8.2-il x 109 - s-l). The stereochemistry
P q

of the photooxygenation of cis-2,3-diphenlaziriiine (14a) and trans-2,3-

diphenylaziridine (15a) does, however, parallel thit observed with the corresponding

epoxides (Table 3). We have found that only the cis I 2,4-dioxazolidine 16a is

formed from the DCA-sensitized oxygenation of I!4a and 15a. In contrast,

photooxvgenation of N-alkyl-substituted bo3-iphenv1azir fidis pr'vi Jes th

* isomers of the peroxide. The cis/trans ratio of isomers decreases with

increasing size of the group on nitrogen.

%

I . - 4 ,. .' . .... *.A!
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Table 3. Electron-Transfer pihotooxvgenation of Aziridines.

Aziridine E (Vx k (M-I s-_ Ib 1,2,4-Dioxazolidines
p q (Ratio of Isomers) c

R R R
I I I

N Ph N Ph Ph N
PPH $ .. H Ph.. 'Ph

"H H 0-0 0-0
14 16 17

14a, R = H 1.64 7.8 x 1019 00 < 1

14b, R = Et 1.66 7.4 x 109 87 13

14c, R = Me 1.55 8.7 x 109 85 15

14d, R n-Bu 1.70 8.2 x 109  87 13

l4e, R = PhCH 2  1.65 8.6 x 109  40 : 60

14f, R = t-Bu 1.73 8.5 x 109  < 1 1 100

R R R

N Ph N Ph N ANPh,/ • H H.. " HH

H Ph 0-0 0-0

15 16 17

15a, R = H 1.50 1.1 x 1010 100 < 1

15b, R = Et 1.73 86 . 14

aPeak potentials vs. SCE for the irreversible oxidation of the aziridincs. bRatL
constants for quenching of DCA fluorescence in nitrogen-saturated MeCN. Cproducts
were determined by 300 1Hz IH NMR using an internal standard.

Photooxygenations of the aziridines shown in TablL 3 were r( arr id out in

oxvgenated MeCN with L . 10 1 sub:t rate ind 0 N IO -
4 0 Mt.\. 'eactions were

complete in 1.5-3 h as determined by reverse phase itPI., . the products we.re

analyzed by removal of the solvent at OC under vacum ind acquirin NYR spectra

-i-e
,
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in CDCl We have found that the ratio of isomers is independent of reaction

time and that 16 and 17 are not significantly decomposed under the reaction

conditions. No isomerization of the starting aziridines was detected during

photolysis. The dioxazolidines have been characterized by reduction with Ph P
3

to yield benzaldehyde and the corresponding imines. These peroxides are

remarkably stable to thermolysis exhibiting slow decomposition to benzaldehyde

,°*. and amides upon heating in C6D6.6 6 o
0
II

PhCH + PhCH-NR + Ph 3 P=O

• " N

Ph-,( Ph

0-0 0 0
00 heat

PhCH + PhCNHR

(350/o dec.-6h, 100°C, CD 6 )

The stereochemistry of the dioxazolidineshasbeen unambiguously established

-bv the following observations. Photooxygenation of cis-l-benzyl-2,3-Jinhenyl-

aziridine (14e) in MeCN gave two peroxides with an isomeric ratio of 'g):60. The

minor cis isomer 16e exhibited two 2H singlets at 6 5.673 and 4.102 while the

major trans isomer 17e exhibited a 21 singlet at 5 5.886 and a 281 AB quartet for

the diastereotopic N-benzyl protons at 6 3.700 and 3.779 (J = 13.2 Hz). These

results indicated that ring protons for the cis dioxazolidines appear at higher

field and were used to stereochemically assign the other dioxazolidines. As

only one isomer was observed from the photooxygenation of the N-unsubstituted

aziridines 14a and i5a, the chemical shift of the ring protons could not be used

to assign the struc ture of this peroxide. However, treatment of the N-unsubstituted

H Me

Ph N Ph Ph - N Ph

H' H MeOTf H H

16a £0)16t-Bu Bu 16c

A.
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dioxazolidine in CDCi with 1.2 eqivalents of methyl triflatu in the presence A,
3

2,6-di-t-butylpyridine afforded in 80, yield the cis isomer 16c of the

N-methvldioxazolidine.

We have suggested that the stereoselective formation of cis ozonides frm i

and trans-2,3-diaryloxiranes could be rationalized in terms of a mechanism

involving concerted addition of 102 to an intermediate carbonyl vlide. A

similar mechanism is proposed for the DCA-sensitized photooxygenation of aziri-

dines with addition of 102 as a dipolarophile to azomethine vlides (Scheme 4).

Support for this mechanism is provided by the stereochemical results presented

in TFable 3. The cis dioxazolidine 16a is formed exclusively from ]4-. and 15-

by trapping the more stable ylide 20 (R = H). However, the presence of

4 substituents on nitrogen sterically destabilizes vlide 20 and its radical ion

precursor 18 leading to an isomeric mixture of dioxazolidines that is a function

of the size of the group on nitrogen.

Scheme'

DCA 0 DCA

R R RI II

h~*N Ph N Ph Ph N H,,.A
DCA* + 4 + C. + A

H H H Ph

14 or 15 18 19

DCA + O2 0 02 + DCA

R R

Ph N Ph Ph N h18 + 0 + '0 2
-Y2 H 'H

H H 0-0

20 16

R R

I.". 19Ph N H Ph N H
19( + 1~ 0 ~ '

H Ph 0-0

211
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The proposed intermediacy of carbonyl and azomethine ylides in the electron-

transfer photooxygenation of epoxides and aziridines is as vet only a working

hypothesis which adequately explains the observed results. This mechanism is,

however, in agreement with the extensive literature on the trapping of photo-

v l i d e s1 7
lvtically and thermally generated -lides by dipolarophiles.

5. Photochemical Conversion of Cyclopropanes to 1,2-Dioxolanes. We have

also examined the DCA-sensitized photooxygenation of aryl-substituted cyclo-

propanes and have observed the formation of 1,2-dioxolanes (Table 4). The

products from these reactions were isolated by chromatography and characterized

spectroscopically. The stereochemical results from the photooxvgenation of cis-

and trans-l,2-dimethyl-l,2-diphenylcyclopropane suggest that the formation of

the dioxolanes occurs stepwise, perhaps via biradical intermediates. The

photooxygenation of a mixture of the isomeric l,2-diphenylcyclopropanus led to

the formation of a ketoalcohol. This result is in agreement wiLh the observations

25
of Mizuno. 2 t is possible that this product arises by decomposition of an

intermediate 1,2 -dioxolane.

Althouzh these cvclopropanes are more easily oxidized than biphenyl (BP)

and consequently quench the fluorescence of DCA at faster rates (Table 4).

Nevertheless, addition of BP as a coseiisitizer to these reactions decreases

the reaction times by an order of magnitude. The mechanism for the rate

enhancement observed with BP is discussed in Section IV-l, page 33.

WA
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Table 4. Cosensitized Electron-Transfer Photooxvyenation of Cvclopropanes

Cyclopropane E x (V) a  k (M- 1 s-) b  Products (yields, )c

P q

10 Ph , Ph Ph Ph
Ph Ph 1.48 1.1 x 10 Ph i I"Ph
Ph 00 Ph 0 2H

N (357) (59"')

PPh9 
Ph>, Ph

Ph Ph 1.70 7.9 x 10 Ph 0-0 Me

Ph Me

(70%)
.7 0

Ph A Ph Ph ,.Ph Ph,(, Me

. 1.90 9.4 x 109 M"e 00 Me Me, "Ph
Mee""

Me'" "Me 
0

(28!) (467'

Ph, AMe 1.85 9.7 x 109

Me / Ph (27-') 7

Ph f_-yPh

Ph Ph 0 OH

(80;)

aPeak potentials for the irreversible oxidation of the cvclopropanes were

obtained by cyclic voltammetrv in MeCN vs. SCF: Pt electrode, 0.1 .1 tetra-

ethvlammonium perchlorate, scan rate = 900 MV s- . bRate constants for the

quenching of DCA fluorescence in nitrogen-saturated MeCN. cYields were

determined by IH NMR using phthalide as an internal standard.
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6. Synthesis of a Chemiluminescent 1,2-Dioxetane bv Cosensitized Electron-

Transfer Photooxgenation. We have found that DCA-BP cosensitized photooxv,,ntnion
.1

can be used to produce a highly chemiluminescent 1,2-dioxetane. 1,4-Phunanthro-

dioxene (22) was recently svnthesized in our laboratory. Of interest was the

preparation of dioxetane 23 by photooxygenation. However, we found that 22

was unreactive both towards singlet oxygen and electron-transfer photooxygenation

with DCA. This latter observation was rather surprising as 22 exhibits a low

oxidation potential (reversible one-electron oxidation at 1.01 V vs. SCE in MeCN)

and quenches the fluorescence of DCA at a diffusion-controlled rate (k
qi10 l) _o

2.4 x 10 - I  ). However, in the presence of BP (I x 10- N) and DCA

(6 x 10 - 4 ') the photooxygenation of 22 proceeds rapidly to yield 1,2-dioxetane

23. The cosensitization by BP in this reaction is similar to the rate enhance-

mcnt found in the photooxygenat ion of the aryl cvclopropanes. in both cases the

su.:,strates are more easily oxidized than BP and quench the fluorescence of DCA

more efficientlv (see Section LV-I, page 33).

-The decomposition of this peroxide in MeCN at elevated temperatures to form

bis lactone 2:4 (ti at 77°C = 6 min) is accompanied by intense chemiluminescence.

We have previouslv observed that heterogeneous materials such as silica gel can

29
be used to cat:l]'.'zU the cleavagc of aryl-substituted dioxetanes. 9This process

ws found to .- i~mificlmt increase th chemil uminescence efficiencies. The

*: cat,,l.zed n ,,psiti n of 23 is currently under study.

0 0
-,DCABP 

O

'.0 C[ hi/ O0

23 24
22



7. PI'.mr- [mi. E o ndioro\ ides -A ReovoN~- ablet Surco of S it' 41 c Dx'on.

.S I'i.I N1 a rI Cts Lth a1 Wide Va r i C,.t V1 orcfo ind 1)io Ioijc alI

sun -st ra-cs. At u:tisspecieos call he ene r, e yica o of a d ye

W it 1 V i n il t) 1 1 1in theC Presence of oxvgcn, there a re various aipp 1lict ions zor

whih Iuof iCn t chmclsource of 10, would be useful. Ideal lY such a source

cenoite(1) under mild conditions (ambient temperature) in a variety

s us (2) proyvide 10) cleanly" without formation of other reactive spec ies

sii a- astiuperixid e and hydroxyl radical; (3) allow for convenient workup or

ox'.'geuation reactions and isolation of products; and (4) h.e recyclable. Our

30ex;peri ito .-ith polymer-immobilized photosensitizers has led us to develop a

usefu torlica 1 source of 10,* that meets the above criteria. 3

Extensive Literature exists on the2 reversible addition of 1O01 to polvnuclear

A r, 3ma1t i= Cy root rO,1hOls . 32Photooxvgenat ion (either direct irradiation or dye

5015 i 105)Of these substrates affords endoperoxides which canl subl)sequen tly be

deco-Mposed ther-mal l% to regenerate 0).* Although anthracene enidopkoroxides have

been found to of ficient Ly produce 0'), temperatures of 80-100'C are required.

Naphthalene deriva-tives, on the other hand, liberate 10 2at more moderate

temperatures. One remiaining, problem, however, with this chemical source of 10,

would be the tiff icutv . in separa ting the resuli, mg aph thai one from the desi red

oxvl gea ion product. 'To solve this problem, we have dcve toned two polymer-

immobil ized naphtha 1Cone der ivat ives that (%in he photochemical'1%' converted to

thecorespnd ngendoperox ides. Those mtri scan be stored at -2Oo C with) no

loss Of oxygen bilt u-,od to produce 0,, in otncor- aq(ueouls so-lutitons ait a~b tn

temperature. On' a s-mple fltration of the re'aCt ion solultion is required to

separate the produc t from thet polvi'.'r he-ads;. Tb isplmrI mtra n

ph 0toL)ChorLn io CA11v recvc led and u-C(I aoa" in I r OXV "enlat ion re'aot ions .

The prepa rat ion of thec p,)i':mcr io 5i inl Ie t oYven 'nera tors i s loser i bed inl

Sche tme 5 . The Ca rhox,\ 1 itoe doL'r i va t i ve of 4-rmoct by] nI bthvI ph t1ropanlo to C i d wasn-

-M- .5 In
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attached by nucleophilic displacement to two chloromethvlated polymers: a3Gb 0 0a
styrene-based polymer 30b(C CCl) and a copolvm2r 3 0 a ( -CH2 CI) of the

mono-ethylene glycol ester of methacryLic acid and p-chloromethylstvrene.

These polymer beads are crosslinked and are, therefore, insoluble in photo-

oxygenation solvents. The polystyrene-based naphthalene ( NP) is hydrophobic

and compatible with organic solvents such as methylene chloride and toluene. For

'-media te oxygenations in water or alcohols, the endoperoxide of the hydrophilic

09-Np material is the reagent of choice.

Scheme 5

CO 2 Et CO 2 Na

CHCI CO 2Et

0 0 (CH,O)x NaCH(CO2Et)2 0 Q NaOH 0 0
"9 HCI

Me Me Me Me

COCHi.® COCH

CH2CI

CO,Na 009 2 1

0 01

C Me -NpO, Me

00
CO2CH 2 - C0,C H (RH

Me

-CH,CI 0 ,020 C

Me Me
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The polymers are oxygenated bv irrndiatin ' i suspension of the beads at OC

* in acetone using Rose Ben,al as the sensitizer. A 400-W high pressure sodium

lamp is used as the I ight source. WhqIen the oxygen uptake is complete, the

irradiation is discontinued and the polymer beads are filtered from solution. These

oxygenated beads can be stored indefinitely at -20'C. A typical oxygenation of

a substrate is carried out by adding 2-3 equivalents of the appropriate polymer-

immobilized endoperoxide to a solution of the substrate at 25-35C (T1  = 45 min
102

at 300C). After complete evolution of 02 from the endoperoxide, the polymer

beads are separated from the reaction by filtration. The oxygenation products

are subsequently isolated by standard methods. Typical examples of oxygenations

4carried out with these new materials are shown in Table 5. Preliminary experi-

ments have shown that > 50% of the oxygen released by the polymeric endoperoxides

can be trapped as 0 Samples of the polymer beads have been recycled five

times.

4.

4.

.--,,.

|h,



Table 5. Oxygenation of Substrates with Pol.mer-lmmobilized Naphthalene
Endoperoxides

Substrate Product ' I Polymeric So IVentEndoperoxide

""" /CH2MeC=CMe, MeCC Ph

Ie- ®-NpO, PhMe

OOH

(0 
Ph%h

Ph ®0 0 ( -NpO 2  PhMe
Ph

Me Me

0( (9(To ')-NpO2P~
0*19 019 (-NpO 2  DS

Me Me

0

S C IINnO HO
NH 

NH2

0
S II

Ph /  Me S
" -'.' Ph Me(HHH SNpO. MeOH

ayields of the oxygenation products based on -tarting material were > 9O.

S,"

\.

I.S.

V. '," "," . " . " e " "*."" "" " " " " 2,- " "" , . .,." -g . J" "r"""" ""
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8. Evidence for a Perepoxide Intermediate in the I,2-Ccloaddition of

Singlet Oxygen to Adamantvlideneadamantane. Singlet oxygen (10 ) reacts with
2

33
adamantylideneadamantane (25) to afford the unusually stable 1,2-dioxetane 27.

Under certain conditions the photooxidation of 25 can yield the corresponding
34

epoxide in addition to the dioxetane. The mechanism for the formation of 27,

and in particular 28, has been a subject of considerable controversy. 3 5 However,

we were recently able to demonstrate that the key intermediate in this reaction

is perepoxide 26. This species can be quantitatively trapped by nucleophilic

oxygen-atom transfer to sulfoxides to yield sulfones 
and 28.36

0-0

27

25
26

28

The nucleophilic character of perepoxide 26 is illustrated by the results ot

an investigation of substituent effects on the trapping reaction. A series of

competition experiments with substituted-phenyl methyl sulfoxides gave relative

reactivities for the co-oxidation of these sulfoxides during tepooxgenaio

of 25 in benzene: m-Cl, 1.4; p-Cl, 1.3; 11, 1; p-Me, 0.79; p-OMe, 0.68. A

Hammett plot of the logarithm of these rates against a gave a P-WalUe of +0.52,

r =0.995 (Figure 3). These results are consistent with theoretical studies of

Ail ..
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Dewar 37and Kearns 38 which predicted that a perepoxide would be a very polar

species with significant negative charge on the exocyclic oxygen atom. A

comparison of 26 to other nucleophilic oxygen-transfer intermediates is shown

in Table 6. Our observations on the reaction of perepoxide 26 with sulfoxides

parallel those of Foote 3 who reported the trapping of a persulfoxide (Et2Soo

by sulfoxides.

02-

rn-Cl

0- e

0

-J

MeMe

0.2-
-0, -02 -0A 0 0.1 0.2 0.3 0'4

Figure 3. Hammett plot of the logarithm of the relative
rates for the photosensitized co-oxidation of X-CH4SOMe in the
presence of adamantylideneadamantane (26) against substituent
constants o. Substituents are para except where noted.

<i' , -- "I if " ,,ii li il ii* - "." - . . . .. .. . .. ...
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Table 6. Nucleophilic Oxygen-Atom Transfer to Sulfoxides

oxygen-atom donor sulfoxide solvent Hammett >-value reference

Ad Ad X-C6H4SOMe benzene + 0.52 present

26  study

He3COoo (X-C6 H) 2So toluene + i. 4 a b

0
if

PhCOO X-C6 H 4SOPh dioxane-water + 0.71 c

R2C o-O (X-C H) SO benzene + 0.26 d
642

(fluorenone oxide)

+ _
Me 2SOt) (X-C6 H ISO benzene +0.25 e

0

Me.,SO- (X-C H) SO beniZne + 0.23 e
+46

i r thc r,.hi t io:i , j-s,1b titito, di;iht,1 u ttlfoxides with Me3oo , was
'111 , l .tt'd tr,17! tlh,, rI ti v ri t it LA - tn in this paper olotting log

k vre 1 v1. . -:iv.cn iii re, ,r,.nct.. d ird e were calcul ated also in
tO is w i v. t. r .i i i rid, i1sdd i, iCh . -. ehm. Soi. , Purkin 11
6)3 (3 I j . . 1r. i 2. ,rs , , ., h : i . Itail., 4-, 1257 (1904).

.... ... 1,. I . i" . ., 103, 3832 (1981).LS' I W..1

%' ¢
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